A major challenge in tissue engineering is to generate a functional microvasculature that ensures proper blood perfusion and connection with surrounding tissues. Strategies such as the incorporation of growth factors have been proposed to induce the growth of new blood vessels into engineered tissue, but limitations remain. Herein a novel chitosan-fibrin (CF)-based self-healing hydrogel with a modulus of~1.2 kPa was developed. The self-healing hydrogel was found to be injectable and to degradẽ 70% in 2 weeks. Vascular endothelial cells seeded in the CF hydrogel were able to form capillary-like structures. Moreover, the injection of the CF hydrogel alone promoted angiogenesis in the perivitelline space of zebrafish and rescued the blood circulation in ischemic hindlimbs of mice. The excellent self-healing and angiogenic capacities of the hydrogel may be associated with the formation of an interpenetrating polymer network structure between chitosan and fibrin. This unique self-healing hydrogel offers new possibilities for future applications to vascular repair.
INTRODUCTION
Hydrogels are attractive materials for biomedical applications because of their high water content. 1 Their favorable nutrient and oxygen transport has made them suitable for cell culture and tissue engineering. A major limitation for engineered tissues is the lack of blood vessels. One of the strategies to promote vascularization is to incorporate vascular endothelial growth factors (VEGFs) into the hydrogels or scaffolds. 2 Smart hydrogels are promising growth factor and cell delivery vehicles for therapeutic healing and tissue regeneration because of their responsiveness to various environmental stimuli, such as solvent composition, temperature, pH, electric field and light. Injectable hydrogels are especially appealing because they provide possibilities for minimally invasive delivery procedures. 3,4 Self-healing hydrogels are a specialized type of hydrogel that can autonomously repair cracks or focal damage and their integrity as well as their mechanical properties can recover after being destroyed. 5, 6 Recently, self-healing hydrogels have been developed from structurally dynamic polymers with dynamic covalent chemistry. [7] [8] [9] The dynamic selfhealing hydrogel with reversible crosslinkages have been shown to mimic the rheological properties of physiological fluids, such as the synovial fluid. 7 Self-healing hydrogels based on dynamic covalent chemistry thus hold promise for biomedical applications.
Although self-healing is one of the fundamental properties of living tissues, biomedical applications of self-healing materials have seldom been reported. Most of the literature has focused on the synthesis and self-healing mechanism of non-biodegradable self-healing materials as well as their applications in various industrial fields, such as electronics, automotive and chemical production. 10 Nevertheless, there have been several reports on the applications of biodegradable self-healing materials as drug or cell delivery carriers. [11] [12] [13] [14] In a recent study, a nanofibrous self-healing hydrogel consisting of multidomain peptides has been incorporated with angiogenic signaling proteins to promote the growth of blood vessel networks into the hydrogel. 15 To date, no self-healing hydrogel has been demonstrated to have intrinsic structural properties that induce angiogenesis and capillary formation. In the current study, we present a novel injectable, gradually degrading self-healing hydrogel that induces blood capillary formation in vitro and in vivo.
Chitosan (CS) is a natural linear cationic polymer of glucosamine and N-acetyl glucodamine, and it has been widely used in the pharmaceutical and tissue engineering fields, owing to its biocompatibility and biodegradability. Several reports have indicated that CS as a biomaterial promotes angiogenesis in corneal and skin tissues. 16, 17 Moreover, other studies have reported that CS-based hydrogels do not show any angiogenic potential in vitro and in vivo. 18 Fibrin is a biological polymer in vertebrates that maintains arterial endothelial cell (EC) adherence and induces angiogenesis at the site of injury. Fibrin gel is utilized in many in vitro models of angiogenesis and vasculogenesis. However, fibrin gel suffers from the drawbacks of mechanical weakness and instability 19 and is not suitable for tissue engineering applications. Furthermore, fibrin gel cannot be injected after it has formed. A self-healing gel based on fibrin has not been reported to date. In this study, we hypothesized that a composite self-healing hydrogel based on CS and fibrin might overcome the limitation of each single component. This newly developed hydrogel was characterized for its self-healing properties and its ability to induce blood capillary formation.
MATERIALS AND METHODS

Preparation and characterization of the different hydrogels
Synthesis of telechelic difunctional poly(ethylene glycol) (DF-PEG) was first achieved via esterification of hydroxyl-terminated PEG with 4-formylbenzoic acid. 20 The DF-PEG solution was prepared by dissolving the synthesized polymer in distilled and deionized water. The glycol CS solution was prepared by dissolving the glycol CS powder (Sigma, St Louis, MO, USA) in distilled and deionized water. Fibrinogen (Sigma) was dissolved in distilled and deionized water to obtain a fibrinogen solution. Thrombin (Sigma) was dissolved in distilled and deionized water to obtain a thrombin solution. The gel modulus of the chitosan-fibrin (CF) and CS hydrogels was tuned by the concentrations of each component. The CF hydrogel was achieved by mixing the DF-PEG solution, glycol CS solution, fibrinogen solution and thrombin solution. The concentrations of each component were optimized for encapsulating cells in the current study. The appropriate formula of the CF hydrogel was found to contain 1.5% glycol CS, 1% DF-PEG, 0.005% fibrinogen and 0.002% thrombin in the final gel. For comparison, CS hydrogel of the same stiffness was also used, which contained 1.5% glycol CS and 1% DF-PEG in the final gel. Fibrin gel served as the positive control and consisted of 0.5% fibrinogen and 0.2% thrombin. The formula of the fibrin gel has been widely used for the in vitro endothelial tube formation assay. Other groups of hydrogels include CS-RGD hydrogel (1.5% glycol CS, 1% DF-PEG and 5% arginyl-glycyl-aspartic acid (RGD) protein 21 ), CS-fibrinogen hydrogel (1.5% glycol CS, 1% DF-PEG and 0.005% fibrinogen) and CS-thrombin hydrogel (1.5% glycol CS, 1% DF-PEG and 0.002% thrombin).
The shear strain-dependent viscoelastic properties of the hydrogels were measured with a rheometer (HR-2, TA Instruments, New Castle, DE, USA) with a cone and plate geometry at a frequency of 1 Hz. For the CS hydrogels, 3% CS solution (0.2 ml) was first spread on the plate. Then 2% DF-PEG solution (0.2 ml) was added onto the CS solution and mixed by pipetting. For the CF hydrogels, 6% CS solution (0.1 ml) was first spread on the plate, and this was followed by 0.02% fibrinogen solution (0.1 ml), 2% DF-PEG solution (0.1 ml) and 0.008% thrombin solution (0.1 ml), which were mixed by pipetting. The temperature was adjusted to 37°C during the measurement. For time-dependent measurement, the storage and loss moduli were measured against time at the constant frequency of 1 Hz and strain of 1%. To measure the fibrin gel, a 10% fibrinogen solution (0.2 ml) was first loaded onto the plate. Then a 4% thrombin solution (0.2 ml) was dropped onto the fibrinogen solution. In another set of experiments, the gel was subjected to the strain sweep test at 1 Hz while the strain was increased from 1 to 400%. The self-healing properties were also evaluated via rheology. Continuous step changes in the oscillatory strain between 150 and 1% under the same frequency (1 Hz) were applied to test the strain-induced destruction and recovery of the hydrogel. Shear thinning was induced via application of 150% strain for 10 min. The strain was then decreased to 1% for 10 min to allow the gel to recover.
Thermal analysis
For thermogravimetric analysis, the decomposition profile of the dried samples (CS, CF and CF' hydrogels) was thermogravimetrically analyzed (Q50, TA Instrument, New Castle, DE, USA). Dried samples that ranged from 4 to 6 mg were placed in the pan and heated from 100 to 800°C under a nitrogen atmosphere at a heating rate of 10°C min − 1 , and the weight loss was recorded as a function of temperature. Differential scanning calorimetry (DSC 2500, TA Universal) was performed to measure the crystallinity and melting point of the dried samples (CS, CF and CF' hydrogels). Each sample was heated from 70 to 130°C, with a heating rate of 10°C min − 1 under nitrogen purging.
The pan and lid were aluminum. The samples weighed approximately 5 mg for each measurement.
In vitro biodegradation
Hydrogels that weighed 50 mg were placed in 5 ml of a phosphate-buffered saline (PBS) solution (pH 7.4). The hydrogels were incubated at 37°C for 5, 10, 20 and 30 days. The percentage residual mass (%) of the hydrogels was calculated from the following equation:
where W 0 is the initial weight of the hydrogel and W t is the weight of the hydrogel at each time point.
Culture of vascular endothelial cells
Adult bovine carotid artery ECs were obtained by collagenase digestion. 22 ECs were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco, Invitrogen) and 100 U ml − 1 penicillin-streptomycin (Caisson Labs, Smithfield, UT, USA). The cultures were maintained in 5% CO 2 and a 37°C incubator. The culture medium was refreshed every 2 days.
Cell labeling
ECs were labeled with a red fluorescent dye (PKH26 Red Fluorescence Cell Linker Kit, Sigma) in vitro. The cells (a density of 1 × 10 7 cells ml − 1 ) were labeled by mixture with 2 × 10 − 6 M PKH26, which stably incorporates into the cell membrane, owing to its long aliphatic tails. The labeling process was stopped with complete medium. The labeled cells were washed and ready for use.
In vitro angiogenesis assay for cells encapsulated in various hydrogels
The PKH26-labeled ECs were embedded by mixture of cells with each hydrogel, before gelation, to achieve 1 × 10 6 cells in a 1-ml volume of hydrogel. The cell-laden hydrogels were immediately placed in an incubator. The culture medium was refreshed after 2 days. After incubation at 37°C for 3 days, images of six random microscopic fields were taken for each hydrogel. The mean branching length and branch point density were determined with the ImageJ software (National Institutes of Health, Bethesda, MD, USA). These data served as indices of the capillary-forming ability.
Gene expression for cells encapsulated in hydrogels
To determine the vascularization levels of ECs encapsulated in hydrogels, the expression levels of vascular endothelial-related genes was analyzed using real-time reverse transcriptase-PCR. Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) from cell-laden hydrogels at 3 days. RNA was reverse transcribed into cDNA and amplified with a RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas, St. Leon-Rot, Germany). Realtime reverse transcriptase-PCR was performed using the DyNAmo Flash SYBR Green qPCR Kit (Finnzymes Oy, Espoo, Finland). The PCR reactions and detection were performed with an Applied Biosystems StepOne instrument (Foster City, CA, USA). The expression was normalized to that of GAPDH (glyceraldehyde 3-phosphate dehydrogenase). The primer sequences for each gene used in this study are shown in Supplementary Table S1 .
Metabolic flux analysis by Seahorse XF-96
The oxygen consumption rate and extracellular acidification rate were measured at 37°C using an XF96 extracellular analyzer (Seahorse Bioscience, Billerica, MA, USA). ECs in culture medium were mixed with each hydrogel such that the final mixture contained 1 × 10 7 cells ml − 1 . The EC-embedded hydrogel (5 μl per well) was placed into eight-well plates and incubated in the incubator for 24 h. The medium was changed to unbuffered DMEM (DMEM supplemented with 25 mM glucose, 1 mM sodium pyruvate, 31 mM NaCl and 2 mM GlutaMax, pH 7.4), and the hydrogel was incubated at 37°C without 5% CO 2 for 1 h. All of the injection reagents were adjusted to pH 7.4 on the day of the assay. The oxygen consumption rate and extracellular acidification rate were
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Zebrafish experiment
Tg (fli1a:EGFP) zebrafish embryos were purchased from the Zebrafish International Resource Center (ZIRC, Eugene, OR, USA) and were raised, maintained and paired under standard conditions. 23 The fli1a promoter-driven enhanced green fluorescent protein (EGFP) is predominantly expressed in vascular endothelial and endocardial cells. Zebrafish were maintained in Petri dishes with E3 embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 and 0.33 mM MgSO 4 ) at 28°C. Animals were divided into three groups in this study (n = 90 per group). The first group comprised zebrafish embryos injected with PBS at 24 h postfertilization (hpf) as a blank control. The other two groups were injected with CF hydrogel or CS hydrogel at 24 hpf. The injection sites were the subintestinal vessels of the zebrafish embryos. 24 The subintestinal vessel pattern in Tg (fli1a:EGFP) zebrafish embryos was evaluated at 48 hpf. The number of subintestinal vessel branching points in 48 hpf zebrafish embryos was quantified for each group. 23 The number of subintestinal vessel branching points is an index of the capillary-forming ability. The studies were repeated two additional times. The CF and CS hydrogels were able to pass through a 26-gauge (457 μm) needle without clogging. Fibrin gel was able to pass through only a cylindrical syringe (2-mm inner diameter). The gels were stained with trypan blue for observation.
Mouse model of hindlimb ischemia and treatment
The surgical mortality rate was 0%. The left femoral artery and iliac artery in the mice were ligated and then cut to induce hindlimb ischemia. 25 The CF hydrogel or PBS (control) was intramuscularly injected into the ischemic hind limbs at 2 or 15 days postsurgery. The injections were delivered into two different sites (proximal and distal) at the ischemic area (100 μl for each site). Microvascular blood flow was measured with a laser Doppler monitor (VMS-LDF, Moor Instruments, Axminster, UK). The blood flow before operation, 1 day afterward and every week for the following 5 weeks was recorded for both limbs. The data are presented as the blood flow ratio of the ischemic limb (left) to the normal limb (right).
Statistical analysis
Data from the experiments are presented as mean ± s.d. For each type of experiment, three similar experiments were performed independently. Statistical differences among the experimental groups were determined by one-way analysis of variance. The results were considered to be statistically significant when the P-values were o0.05.
RESULTS AND DISCUSSION
The CF self-healing hydrogel, CS-based self-healing hydrogel and fibrin gel were prepared as summarized in Figure 1a and Supplementary Figure S1 (Supplementary Data). The synthesis of telechelic DF-PEG was first achieved via esterification of hydroxyl-terminated PEG with 4-formylbenzoic acid. 20 The DF-PEG aqueous solution was prepared by dissolving the synthesized polymer in distilled and deionized water. The aqueous solutions of glycol CS, fibrinogen and thrombin were all prepared in distilled and deionized water. The modulus of the CS as well as CF hydrogel was tuned according to the amount of each component in the hydrogel. The modulus or stiffness of a material has been shown to have a critical role in angiogenesis. 26, 27 A previous study has reported that materials with a modulus of~1 kPa may favor angiogenesis. 28 In the current study, the concentration of each component was optimized for embedding cells before gelation and achieving appropriate stiffness (~1.2 kPa) to favor blood capillary formation after gelation. The appropriate formula of the CF hydrogel contained 1.5% glycol CS, 1% DF-PEG, 0.005% fibrinogen and The damage-healing properties of the (e) CS and (f) CF hydrogels demonstrated by the continuous step strain (1% strain → 150% strain → 1% strain) measurements at 37°C and 1 Hz.
Self-healing and angiogenic capacities of CF hydrogel F-Y Hsieh et al 0.002% thrombin in the final gel. For comparison, CS hydrogel of the same stiffness was used. The proper formula of the CS hydrogel contained 1.5% glycol CS and 1% DF-PEG in the final gel. The fibrin gel prepared from 0.5% fibrinogen and 0.2% thrombin served as the positive control. This fibrin gel is widely used for the in vitro endothelial tube-formation assay. 19 The CF hydrogel formed quickly after mixture of the components, through dynamic Schiff-base crosslinkage between the amine groups of CS or fibrinogen and the benzaldehyde groups on the DF-PEG termini (Figure 1a ). Because the network was constructed through Schiff-base linkage, the CF hydrogel was expected to be self-healable. To prove that point, a hole was punched in the middle of an~2.0-cm Self-healing and angiogenic capacities of CF hydrogel F-Y Hsieh et al diameter CF hydrogel (Figure 1b, 0 h ). The hole was observed to diminish gradually and disappear completely after~6 h. The self-healed gel looked similar to the initial gel. The CF hydrogel healed automatically without any external stimuli, thus indicating its excellent self-healing capacity. The CS hydrogel, for which self-healing has been reported earlier, 14 was used for comparison. The central hole in the CS hydrogel shrunk at 6 h, but complete disappearance of the hole occurred after approximately 12 h (Figure 1b) . These results demonstrated that the self-healing process of the CF hydrogel was faster than that of the CS hydrogel. Furthermore, the fibrin gel did not self-heal. Additional self-healing experiments were performed by placing two CF hydrogel strips together to generate one unit of CF hydrogel strip, as illustrated in Supplementary Figure S1c . The results of these experiments confirmed the self-healing of the CS and CF hydrogels but not the fibrin gel. Moreover, both the CS and CF hydrogels were able to be extruded through a 26-gauge needle (diameter: 457 μm) without clogging. In contrast, the fibrin gel was able to pass through only a 2-mm syringe (Figure 1c) .
The rheological properties of the CS hydrogel, CF hydrogel and fibrin gel were determined with a rheometer (HR-2, TA Instruments). The results are shown in Figure 2 and Supplementary Figure S1 . After sample loading, the CS and CF hydrogels underwent rapid gelation at 37°C (Figures 2a and b) . The storage (elastic) modulus (G') was close between the two hydrogels, that is,~1.2 kPa at 37°C for both hydrogels. The fibrin gel formed immediately after sample loading, but the gel modulus was relatively low (~0.03-0.04 kPa at 37°C; Supplementary Figure S1d) . The strain-dependent modulus changes in the CS and CF hydrogels (Figures 2c and d) showed differences between the two hydrogels. At 37°C, the network of the CF hydrogel was destroyed at a strain of~⩾ 100%. In contrast, the CS hydrogel became sol-like at a strain of~130%. The damage-healing (sol-gel transition) of the CS and CF hydrogels, which was obtained by application of a large amplitude oscillatory strain (strain = 150%, frequency = 1 Hz) and recovery at a low strain (strain = 1%, frequency = 1.0 Hz), is shown in Figures 2e and f . The G' value of the CS hydrogel decreased from~1.2 to~0.06 kPa when the strain was increased from 1 to 150% and recovered to~1.2 kPa when the strain was decreased from 150 to 1%. The self-healing process was also observed for the CF hydrogel: the G' decreased from~1.2 to~0.1 kPa and recovered. The quick recovery of the CS and CF inner network confirmed the self-healing capability of the two dynamic hydrogels. The fibrin gel demonstrated no self-healing phenomenon and remained a gel at a 150% strain (Supplementary Figure S1e) .
Degradation of the hydrogels is important in tissue repair. The degradation rates of the CS hydrogel, CF hydrogel and fibrin gel in PBS at 37°C are shown in Supplementary Figure S2 . The masses of the CS and CF hydrogels gradually decreased by 30 days, whereas the fibrin gel degraded much faster (~80% at 5 days) and fully degraded after only 10 days. The degradation rate of the CF hydrogel was slightly slower than that of the CS hydrogel. Because the formation of the vascular extracellular matrix is a long process in vivo, 29 we believed that the CF hydrogel, which degraded more slowly, might provide better support for vasculogenesis in vivo.
Arterial ECs were fluorescently labeled with a red fluorescent dye PKH26 and were seeded at a density of 1 × 10 6 cells ml − 1 in each hydrogel before gel formation (Figure 3a) . The EC-embedded hydrogel was filled in a barrel and extruded through a 26-gauge needle into a Petri dish. The morphologies of the red fluorescence-labeled ECs within various hydrogels were examined under a fluorescence microscope, and the results are shown in Figure 3b . ECs were aggregated in the CS hydrogel at 24 h and became spheroids in 72 h. There was no tube formation in the CS hydrogel. In the fibrin gel, ECs formed capillary-like structures after 24 h (and 72 h) of culture. In the CF hydrogel, ECs formed spheroids after 24 h, and the capillary-like tubes were observed to extend from the spheroids in 72 h. Notably, the vascular network in the CF hydrogel had a greater mean branch length and branching point density than that in fibrin gel (Figure 3c ). We also observed that the CF hydrogel with varying amounts of fibrinogen/thrombin (%) influenced the morphology and tube formation of the ECs (Supplementary Figure S3) . Although an extensive network of capillary-like structures was observed for the ECs in the CF hydrogel with the fibrinogen/thrombin ratio of 0.005:0.002 (%), poor tube formation was found in the CF hydrogel with the fibrinogen/thrombin (%) higher or lower than 0.005:0.002 (%). Therefore, CF hydrogel with appropriately low fibrinogen content was favorable for capillary formation. Moreover, ECs formed capillarylike structures in CF hydrogel only when the ingredients of the CS solution and fibrinogen solution were premixed before addition of the DF-PEG solution and thrombin solution, but not when the DF-PEG solution was added in a different order (CF' hydrogel) (Supplementary Figure S4) . The gross observation and rheological analyses showed that the CF' hydrogel had limited self-healing capability but exhibited the injectability. Moreover, the CF' hydrogel became sol-like at a much larger strain of 4160% without the critical sol-gel state (Supplementary Figure S4) . We propose that the network structure may be different in these cases, thereby influencing the capillary formation, as will be discussed later.
The RGD sequence is found in many extracellular matrix proteins and serves as the binding motif for cell surface integrin receptors. ECs seeded upon RGD-modified poly(ethylene glycol) diacrylate hydrogels have been found to show better spreading and adhesion at 24 h postseeding compared with those on the unmodified polymer. 21 We also compared the CF hydrogel to the CS hydrogel added with RGD protein (CS-RGD hydrogel) (Supplementary Figure S5) . ECs in the CS-RGD hydrogel were aggregated and became large spheroids at 72 h but did not exhibit tube formation. Either thrombin or fibrinogen alone has been reported to exert chemotactic effects on ECs and to upregulate the expression of the VEGF receptors (VEGFRs), thus inducing vasculogenesis in vitro. 30, 31 For this reason, the CS hydrogel that contained 0.002% thrombin (CS-thrombin) and the CS hydrogel that contained 0.005% fibrinogen (CS-fibrinogen) were also included for comparison (Supplementary Figure S5) . However, neither hydrogel showed capillary formation. The above results indicated that RGD, thrombin and fibrinogen alone were not sufficient to induce the vasculogenesis of ECs in hydrogels.
The properties of the ECs in various hydrogels are shown in Figure 4 . ECs embedded in CF hydrogel expressed a greater level of vasculogenesis marker genes (VEGFR, integrin α4 and endothelial nitric oxide synthase) than those in fibrin gel after 3 days (Figure 4a ). The expression levels of VEGFR and endothelial nitric oxide synthase for ECs in the CS hydrogel were lower than those in fibrin gel, and the expression of integrin α4 was higher. These marker gene expression levels suggested that CF hydrogel is more favorable for vasculogenesis of ECs than the fibrin gel or CS hydrogel. With regard to the possible cellular mechanism, vasculogenesis is regulated by changes in the O 2 tension and aerobic glycolysis. 32 Previous research has indicated that ECs enhance their glycolysis, thus inducing vasculogenesis. 33 Moreover, mitochondrial respiration triggers the EC apoptosis, which is associated with vessel regression, thus providing a crucial balance to EC proliferation during angiogenesis. 33 We directly evaluated the metabolism (glycolysis and mitochondrial respiration) of ECs that were encapsulated in each gel by the bioenergetic assay. Analysis of the extracellular acidification rate with a Seahorse XF Flux Analyzer revealed the basal glycolysis levels of the cells. As shown in Figure 4b , the basal glycolysis measured at 3 days significantly increased for the ECs embedded in all of the gels, as compared with the tissue culture polystyrene control. Furthermore, the basal glycolysis was the highest in the ECs embedded in the CF hydrogel. The oxygen consumption rate is used as a parameter for assessing mitochondrial respiration (Figure 4c ). The basal mitochondrial respiration at 3 days significantly decreased for ECs embedded in all of the gels compared with the tissue culture polystyrene control. Moreover, the basal mitochondrial respiration in ECs embedded in the CF hydrogel was lower than that of ECs embedded in the CS hydrogel and was even lower than that of ECs embedded in the fibrin gel. Together, these results suggested that ECs in the CF hydrogel may have switched their metabolism from mitochondrial respiration to glycolysis, thereby inducing vasculogenesis.
Because the in vitro evidence supported the outstanding angiogenic effect of the CF self-healing gel, we sought to confirm that finding by in vivo assays. Here we used a unique transgenic zebrafish Tg (fli1a:EGFP) in which all of the ECs showed green fluorescence because of the expression of EGFP. The Tg (fli1a:EGFP) zebrafish embryos are a powerful model system for an angiogenesis assay. 24, 34 Injection of angiogenic growth factor in the perivitelline space of zebrafish embryos induces an angiogenic response characterized by the growth of ectopic blood vessels from the subintestinal vessel basket. 35 In the current study, the CS hydrogel or CF hydrogel was injected into the perivitelline space of zebrafish embryos at 24 hpf, and the pattern of the subintestinal vessels was observed at 1 day postinjection. The fibrin gel could not be injected with a needle of the same gauge, and thus it was not used in this study. The zebrafish embryos were divided into three groups (n = 90 per group). The first group consisted of zebrafish embryos that were injected with PBS in the perivitelline space at 24 hpf as a blank control. The other two groups were injected with either CF hydrogel or CS hydrogel at 24 hpf. At 1 day postinjection, the pattern of subintestinal vessels was examined with a fluorescence microscope. The amount of ECs was evaluated by the expression of EGFP. The number of branching points was quantified. The latter, as mentioned above, is an index of the capillary-forming ability.
The results from the study in Tg (fli1a:EGFP) zebrafish embryos are shown in Figure 5 . The pattern of subintestinal vessels was demonstrated by the fluorescent images (Figure 5a ). Compared with that in the control (injected with PBS), the ectopic angiogenesis in the group injected with the CS hydrogel was decreased. Moreover, angiogenesis was induced in the group injected with the CF hydrogel. The EGFP gene expression in each group is shown in Figure 5b . The expression level of the EGFP gene was reduced in the group injected with the CS hydrogel and was enhanced (more than twofold) in the group injected with the CF hydrogel, compared with the control. This result indicated that the population of vascular ECs was increased by the injection of CF hydrogel and was decreased by the injection of CS hydrogel. The number of vessel branching points is shown in Figure 5c . Again, the group injected with the CS hydrogel had fewer branching points and that injected with the CF hydrogel had significantly more branching points (more than twice) vs the control. Together, these quantitative data indicated that the CF self-healing hydrogel can be injected and can induce an angiogenic response in vivo.
As mentioned earlier, CS has been widely used in the pharmaceutical and tissue engineering fields. Previous studies have suggested that , the extracellular acidification rate was measured for ECs in different hydrogels, as an indicator of glycolysis. In panel (c), the oxygen consumption rate was measured for ECs to quantify the mitochondrial respiration in different hydrogels. *Po0.05, **Po0.005, ***Po0.001, among the indicated groups.
Self-healing and angiogenic capacities of CF hydrogel F-Y Hsieh et al embryonic stem cells embedded in CS hydrogel may be used to regenerate cardiomyocytes and increase the microvessel density in the infarcted heart. 36 In addition, CS hydrogel may serve as a carrier for the controlled release of various angiogenic growth factors to induce neovascularization in vivo. 16, 37 Collagen-CS hydrogel has been found to promote the tube formation of ECs in vitro. 24 Nevertheless, several studies have indicated that CS-based hydrogel does not contribute to angiogenesis in vitro and in vivo unless it is combined with ECs, stem cells or a large amount of growth factors. 16, 18, 38 However, fibrin gel alone (without ECs or stem cells) is sufficient to induce vasculogenesis both in vitro and in vivo, 39 despite its weak mechanical properties, poor injectability and potential disease transmission. CF composite films and CF nanocomposites have been prepared. 40, 41 Nevertheless, no previous study has developed a hybrid gel of CS and fibrin, and moreover, no study has even mentioned the self-healing capability.
We have previously synthesized an injectable, self-healing CS-based hydrogel (CS hydrogel) with a neural repair ability. 14 However, the CS hydrogel did not display any angiogenic potential in the current study. The novel CF hydrogel was developed by combining CS hydrogel and a small proportion of fibrin in the gel. The results of gross observation and rheological analyses showed that the CF hydrogel possessed self-healing and injection capabilities. The self-healing process of CF hydrogel (recovery time:~6 h) was even faster than that of CS hydrogel (recovery time:~12 h). In addition, the strain sweep showed that CF hydrogel became sol-like at a strain of ⩾ 100%, whereas the network of CS hydrogel collapsed at a greater strain of~130%. The structure of the CF hydrogel was more sensitive to stress/strain than the CS hydrogel, thus possibly accounting for the faster self-healing process of the CF hydrogel. Moreover, the CF hydrogel, when subjected to a strain between 100 and 200%, demonstrated close values of G' and G" (G" slightly larger than G'). This finding was indicative of a viscoelastic sol, that is, fluid-like but with some intact structure (fast recovered structure). The interesting critical sol-gel state of CF hydrogel was not seen in the CS hydrogel. The possible underlying mechanism may be the formation of an interpenetrating polymer network (IPN) between CS and fibrin in CF hydrogel. However, the CS and CF hydrogels had similar G'. Because the hydrogel network is constructed through Schiff-base transient linkages between amine groups of glycol CS or fibrinogen and benzaldehyde groups on DF-PEG termini, the polymer chains in the hydrogel network were expected to de-crosslink and re-crosslink continuously, thus resulting in the self-healing ability of the hydrogel. The faster self-healing properties of the CF hydrogel may be attributed to the increasing amount of amine groups from the fibrinogen, which in turn would promote the exchange reaction responsible for the dynamic property of the hydrogel. A faster exchange should result in a weaker hydrogel for CF, but the presence of the interpenetrating fibrin hydrogel might compensate for this loss. This arrangement may be one of the possible explanations for the similar G' observed through rheology.
We observed very distinct extents of capillary-formation and rheological properties when the ingredients were mixed in different orders (Supplementary Figure S4) . The order of mixing determined whether the IPN formed successfully. On the basis of the results, CF hydrogel formed IPN only when DF-PEG was added after CS and fibrin were premixed, as illustrated in Supplementary Figure S6 . The preadded CS and fibrinogen were able to react with DF-PEG and form transient crosslinked structures, whereas thrombin transformed fibrinogen into a fibrin network (bridge), forming an interpenetrating structure that ECs were able to align with and form tubes. The thermal The average number of SIV branching points in Tg (fli1a:EGFP) zebrafish embryos evaluated at 1 dpi, which is an index of the capillary-forming ability. Fibrin gel was not able to be injected through the 26-gauge needle, and thus the data are not available. *Po0.05, **Po0.005, ***Po0.001, among the indicated groups (n = 90 in each group).
Self-healing and angiogenic capacities of CF hydrogel F-Y Hsieh et al stability of IPN has been found to be higher than the respective homopolymer. 42 As shown in Supplementary Figure S6b , the CF' hydrogel exhibited a heterogeneous structure and phase separation. The phase separation in the CF' hydrogel may have resulted in the hindered self-healing behavior. Formation of IPN in the CF hydrogel but not the CF' hydrogel was further confirmed by thermal analyses. According to thermogravimetric analysis curves of the hydrogels (Supplementary Figure S6c) , the thermal stability of the CF hydrogel was better than that of the CS and CF' hydrogels. The differential scanning calorimetry profiles (Supplementary Figure S6d) showed that the glass transition temperature (T g ) of the CS, CF and CF' hydrogels was − 53.9, − 51.0 and − 52.2°C, respectively. The T g of the CF hydrogel increased, compared with that of CS or CF' hydrogel. Three melting peaks of the DF-PEG segments in the CS hydrogel were observed at 21.4 (T m1 ), 55.8 (T m2 ) and 60.0°C (T m3 ), with the latter two being associated with crystalline DF-PEG. The endothermic peak area for T m2 and T m3 in the CF hydrogel was significantly smaller than that in the CS and CF' hydrogels, whereas the peak area for T m1 was much larger. Because IPN may decrease chain mobility, 43 the decreased crystallinity of the DF-PEG segments in the CF hydrogel may be ascribed to the formation of the IPN structure in the hydrogel.
The suppression of crystalline DF-PEG segments in the CF hydrogel was also consistent with the more stress/strain-sensitive network of this hydrogel, as demonstrated by rheology. The transient interpenetration of such a network may explain the critical sol-gel state of the CF hydrogel after gel deformation. Although some studies have indicated that IPN formation enhances the performance of the hydrogels, [44] [45] [46] few studies have reported the influence of the IPN structure on self-healing of the hydrogel. One recent study has reported that the IPN structure improves the self-healing capability of polymer films. 47 Another very recent study has prepared IPN self-healing hydrogel with various moduli (~2-10 kPa). 48 No study has evaluated the physiological function of IPN self-healing hydrogels in vitro and in vivo. The versatility of IPN and the steric constraints of such a network may explain the better self-healing capability of CF hydrogel after deformation. Moreover, the fibrin gel degrades fairly quickly, but the degradation rate of the fibrin-containing CF hydrogel is even slightly slower than that of the CS hydrogel. Gel degradation may be retarded by the IPN structure of the hydrogel.
In vitro, ECs in CF hydrogel displayed better angiogenic capacities than those of fibrin gel (Figure 3c ). Previous studies have suggested that the glycosaminoglycans of CS form insoluble complexes with stromal cell-derived factor-1, fibroblast growth factors and plateletderived growth factors, which triggered EC aggregation and proliferation. [49] [50] [51] We thus assumed that CS would trigger EC aggregation, whereas fibrin would trigger EC tube formation in our CF hydrogel. The normal level of fibrinogen is approximately 0.0015-0.0045% in the human circulatory system, and a higher risk of cardiovascular disease is related to a higher level of fibrinogen in clinical studies. 52, 53 The amount of fibrinogen in the CF self-healing hydrogel was similar to that in the human blood, thus potentially avoiding side effects in humans. Furthermore, thrombin alone has been shown to induce angiogenesis in vitro. 54 In the current study, the addition of thrombin alone in CS hydrogel did not induce the vasculogenesis of ECs. The crosslinked network of fibrin polymers is thus important for vasculogenesis.
Zebrafish have emerged as an excellent vertebrate model system for studying vascular development and drug screening. 24, 34, 35 In this study, the injection of CF hydrogel in the perivitelline space of zebrafish embryos induced angiogenesis. Although the zebrafish model is a convenient tool to confirm the in vivo angiogenesis induced via CF hydrogel, the therapeutic potential remains to be verified by translational studies. Here CF hydrogel was preliminarily tested in the disease model of mouse hindlimb ischemia, which represents peripheral arterial occlusive diseases. The recovery rate of blood flow in ischemic mice is depicted in Figures 6a-c . Single-dose local injection of CF hydrogel in 2-day ischemic mice demonstrated a rescue of blood flow at 5 and 15 days, in comparison with that in the control group (PBS-injected mice) (Figures 6b and c) . Long-term results of injection in chronic (15-day) ischemic mice are included in Supplementary Figure S7 . The results suggested that CF hydrogel can rescue the function of an impaired blood circulatory system in acute and chronic ischemic diseases. However, more extensive studies should be performed to support the clinical potential of this hydrogel.
Angiogenesis is a normal and essential process in growth and development as well as in wound healing. Unfortunately, it is also a fundamental step for the transition of tumors from a benign state to a malignant state. 55 In both normal and abnormal tissues, the EC metabolism is switched from mitochondrial respiration to glycolysis, thereby inducing angiogenesis. 55 There are thus potential and unanticipated cancer risks after the implantation of angiogenic Figure 6 Injection of CF hydrogel significantly enhanced blood perfusion in the ischemic sites. (a) The left femoral artery and iliac artery in mice were ligated and then cut to induce hindlimb ischemia. The CF hydrogel or PBS (control) was intramuscularly injected into ischemic hindlimbs at 2 days postsurgery. The injections were delivered to two different sites (proximal and distal) at the ischemic area (100 μl for each site). (b) Representative images of mouse ischemic hindlimbs after injection with PBS or CF hydrogel. The PBS group experienced severe nail loss. The CF hydrogel group displayed successful limb salvage without nail loss. (c) The blood flow ratios in ischemic and healthy limbs were calculated and compared by analysis of variance Bonferroni's multiple test. The data showed a significant blood flow increase on days 5 and 15 postsurgery in the CF hydrogel-injected group (64.7 ± 6.0 (%) and 87.1 ± 4.9 (%), n = 4), values much higher than those in the PBS-injected group (32.4 ± 1.4 (%) and 42.9 ± 3.0 (%), n = 4), *Po0.05 vs PBS-injected group. The arrow heads indicate nail loss.
scaffolds. 56 In the current study, glycolysis was increased and mitochondrial respiration decreased after ECs were embedded in CF hydrogel. Although the CS self-healing gel also increased glycolysis, it decreased mitochondrial respiration to a lesser degree than did the fibrin gel or CF hydrogel. Recent investigations have revealed that CS and its derivatives exhibit antitumor activity in both in vitro and in vivo models by promoting cells to secrete cytokines. 57, 58 Our zebrafish experiment also demonstrated an antiangiogenic effect of the CS self-healing hydrogel. We hope that the composite CF hydrogel will be able to retain the antitumor effect of CS and induce angiogenesis without a risk of causing cancer.
CONCLUSION
A novel CF-based injectable and self-healing hydrogel was established in this study. The IPN formation in the hydrogel was associated with the excellent self-healing and capillary-inducing capacities of the hydrogel. This study provides insight regarding the effects of the gel network on the self-healing and biomimetic properties of a hydrogel. We propose that other extracellular matrix proteins may also form a self-healing interpenetrating hybrid gel with a CS-based self-healing hydrogel, thus presenting various self-healing possibilities and degradation features for a variety of different biomedical applications.
